The unceasing emerging of multidrug-resistant bacteria imposes a global foremost human health threat and discovery of new alternative remedies are necessity. The use of plant essential oil in the treatment of many pathogenic bacteria is promising. Acne vulgaris is the most common skin complaint that fears many people about their aesthetic appearance. In this work we investigated the antibacterial activity of some plant oils against acne-inducing bacteria. Three bacterial isolates were identified from Egypt, biochemically and by means of 16s rRNA gene typing, and were designated as Staphylococcus aureus EG-AE1, Staphylococcus epidermidis EG-AE2 and Cutibacterium acnes EG-AE1. Antibiotic susceptibility test showed resistance of the isolates to at least six antibiotics, yet they are still susceptible to the last resort Vancomycin. In vitro investigations of eleven Egyptian plant oils, identified tea tree and rosemary oils to exhibit antibacterial activity against the antibiotic-resistant acne isolates. Inhibition zones of 15 ± 0.5, 21.02 ± 0.73 and 20.85 ± 0.76 mm was detected when tea tree oil applied against the abovementioned bacteria respectively, while inhibition zones of 12.5 ± 1.5, 15.18 ± 0.38 and 14.77 ± 0.35 m m were detected by rosemary oils. Tea tree and rosemary oils exhibited bacteriostatic and bactericidal activity against all the strains with MICs/MBCs ranging between 39-78 mg/L for tea tree oil and 39-156 mg/L for rosemary oil. All the isolates were killed after 4 and 6 h upon growing with 200 mg/L of tea tree and rosemary oils, respectively. Additionally, gas chromatography mass spectrometry (GC/MS) profiling identified and detected a variable number of antimicrobial compounds in both oils.
Introduction
Acne vulgaris is considered the most common skin complaint that worries many people about their aesthetic appearance and generally impaired quality of life is well informed (Dunn et al., 2011; Gieler et al., 2015; Sarkar et al., 2016) . The microbiology and therapy of acne vulgaris constitute the foremost thrust of current research in the clarification of the causal pathogens and new modes of treatments. Cutibacterium acnes (formerly known as Propionibacterium acnes (Scholz and Kilian, 2016) are aerotolerant anaerobic gram-negative bacilli. It was originally identified as Bacilli acnes (Gilchrist, 1900) , because of its ability to generate propionic acid it was named later as P. acnes. However recently biochemical and genomic studies resulted in a taxonomical reclassification of P. acnes and a novel genus Cutibacterium was designated for the cutaneous species (Dréno et al., 2018; Scholz and Kilian, 2016) .
Although C. acnes bacteria normally commensal on the surface of healthy skin, they anaerobically proliferate deeply within follicles and pores (Dréno et al., 2018) by metabolizing sebum triglycerides from the surrounding skin tissues and use it as a primary https://doi.org/10.1016/j.sjbs.2019.11.006 1319-562X/Ó 2019 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). source of energy and nutrients. On the contrary, Staphylococcus epidermidis is a gram-positive, facultative anaerobic organism, usually involves superficial infections within the sebaceous unit (Burkhart et al., 1999) . Different treatment strategies are to be considered including decreasing hyperkeratinization, microbial colonization, sebum production and inhibiting the inflammation (Zaenglein et al., 2016) which is selected on a case-by-case basis. Moreover, emerging strategies considering the modification of the existing drugs and the progress of new medications targeting the regulatory pathways involved in acne pathophysiology (Tuchayi et al., 2015) .
Topical antibiotics and/or chemical peeling agents are being used currently in acne vulgaris treatments, however oral antibiotics, retinoids, or hormones are prescribed daily (Pineau et al., 2019) . The most frequently used oral remedies include the tetracyclines (tetracycline, minocycline, and doxycycline), trimethoprim/ sulfamethoxazole, and macrolides (erythromycin and azithromycin) (Farrah and Tan, 2016; Leyden, 2003) . Acne pharmacotherapies are effective but are associated with adverse events such as mood disorders, antibiotic-resistance and can leave the skin dry with irritation feelings (Eichenfield, 2015) . A most important drawback of current therapies is that daily intake of antibiotics, resulted in developing multidrug resistant bacteria (Van den Bergh et al., 2016) . Furthermore, many countries have identified increasing the resistance of Acne bacteria to topical macrolides (Walsh et al., 2016) and active antibiotic gel (Mills et al., 2002) .
The emergence of multidrug-resistant bacteria has become a foremost health threat, afterward, interests in alternative medicine have been increased rather than traditional antibiotic medications for skin conditions (Neamsuvan et al., 2015) . The antibacterial potential of lipids has been long recognized (Nikkari, 1974) . A previous study on the therapeutic potential of free fatty acids (FFAs) against methicillin-resistant Staphylococcus aureus (MRSA) showed that only oleic acid (C18:1, cis-9) disrupted the MRSA cell wall at small doses (Chen et al., 2011) .
In Egypt, most of the former studies on Acne vulgaris focused only on the prevalence and the clinical features of patients with Acne, there is no actual search for herbal therapy. Accordingly, we have designed this study to isolate the acne-inducing bacteria and to shed light on the efficacy of using the essential oils of some of the Egyptian domestic medicinal herbs in the treatment.
Materials and methods

Patients and sample collection
Pathological diagnosis examination of Fifty-five patients (20 males and 35 females) at the adolescent age of 17-25 years old, attending Benha university hospital dermatology clinic, with potential inflammatory acne skin lesions, from 2016 to 2018, were included in the study. Patients showed overproduction of sebum and follicular hyperkeratosis which resulted in the development of microcomedones. Inflammatory and non-inflammatory acne lesions were punctured with a hypodermic needle and the contents were collected with a comedone extractor under complete aseptic condition. Patients with pregnancy, Drug addicts, patients with endocrinal problems, adrenal dysfunction and those taking contraceptives were excluded. Basic clinical information (including age, gender, age of onset and duration of disease) and previous consultation records were obtained at the time of patient registration. Three samples were taken from each patient and were then inserted into Thioglycolate broth tube as a transport media and sent immediately to the Microbiology and Immunology department (Benha University, Egypt). The samples were inoculated onto sheep blood agar medium at 37°C under both aerobic and anaerobic conditions for 2-7 days.
Biochemical identification and 16s rRNA gene sequencing
The collected samples were grown both aerobically and anaerobically, only 35 out of the 55 patients showed bacterial growth on the selective media. Biochemical properties (Table S1, Supplementary data) identified two different groups of the aerobic isolates were found to be gram-positive cocci, non-motile and were arranged in grape-like clusters. Anaerobic isolates were grampositive polymorphic bacilli and were able to ferment glucose with acid production, the biochemical profile of the anaerobic bacteria (as shown in Table S1 ) was consistent with those of formerly known as Propionibacteria.
The partial 16S rRNA gene sequencing was used to confirm the biochemical identification. Universal 16s rRNA primers 8F (5 0 -AG AGTTTGATCCTGGCTCAG-3 0 ) and 1492R (5 0 -GACGGGCGGTGTGTRC A-3 0 ) (Turner et al., 1999 ) were used to amplify these genes in the aerobic isolates, however, PAS9 (5 0 -CCCTGCTTTTGTGGGGTG-3 0 ), PAS10 (5 0 -CGCCTGTGACGAAGCGTG-3 0 ) and PAS11 (5 0 -CGACCC CAAAAGAGGGAC-3 0 ) (Nakamura et al., 2003) amplified the 16s rRNA of anaerobic bacteria. Sanger sequences were generated at Sigma company Genomics Core Facility (Cairo, Egypt) using an ABI PRISM 3730xl DNA Analyzer (Life Technologies Corporation, CA). Sequences similarity were conducted using the BLASTn search at the NCBI website (https://blast.ncbi.nlm.nih.gov/Blast.cgi), phylogenetic and molecular evolutionary analyses were conducted using MEGA software version X (Kumar et al., 2018) .
Isolates accession numbers
Staphylococcus aureus EG-AE1, Staphylococcus epidermidis EG-AE2 and Cutibacterium acnes EG-AE1 were deposited in the Gene-Bank database and were assigned the accession numbers MK934843.1, MK937638.1 and MN336167.1 respectively.
Antibiotic susceptibility test
Antibiotics susceptibility testing was performed using the disc diffusion method (Biemer, 1973) for the following antibiotics (Oxoid, UK); Azithromycin (AZM 15 mg), Amoxicillin + Clavulanic Acid (AMC 20 + 10 mg), Ciprofloxacin (CIP 1 mg), Erythromycin (E 15 mg), Penicillin-G (P 10 mg), Tobramycin (TOB 10 mg), Tetracycline (TEC 30 mg), Cephalexin (CN 30 mg), Clindamycin (DA 2 mg), Chloramphenicol (CL 30 mg), Amikacin (AK 30 mg), Trimethoprimsulfamethoxazole (SXT 25 mg), Rifampin (RA 5 mg) and Vancomycin (V 30 mg). The results were inferred according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI) (Wayne, 2019) .
Antibacterial activity of some plant oils
Agar well diffusion method (Balouiri et al., 2016; Magaldi et al., 2004; Valgas et al., 2007) was used to evaluate the antimicrobial activity of the following plant oils; Tea tree, Cinnamon, Rosemary, Cactus, Lavender, Basil, Lemon, Thyme, Parsley, Almond and Lupine. The crude oils were purchased from the commercial markets in Egypt. Nutrient agar plates were inoculated by spreading a 100 ml of the actively grown bacteria. A sterile cork was used to punch holes with a diameter of 6-8 mm and 10 ml of the tested oils (200 mg/L) was introduced into the well. The inoculated agar plates were incubated at 37°C for 24 h. Diameters of the inhibition zones were measured as (mm).
MICs and MBCs of tea tree and rosemary oils
The MIC of tea tree and rosemary oils were determined using a broth assay (Klančnik et al., 2010) in 96-well microtiter plates (Sigma Aldrich, USA) . Fresh cultures of the tested isolates were prepared in Brain Heart Infusion (BHI) broth, inocula of concentrations 2 Â 10 7 cfu/ml were used. A two-fold dilution series of tea tree and rosemary oils were prepared in 1% DMSO to yield final concentrations ranging from 5000 mg/L to 9.7 mg/L. Chloramphenicol was employed as a positive control. After 18 h and 48 h (for C. acne), the optical density at 600 nm was measured with a microplate reader (680 XR reader, Bio-Rad). Bacterial growth was confirmed by adding 10 ll of a sterile 0.5% aqueous solution of triphenyltetrazolium chloride (TTC, Sigma-Aldrich) and incubating at 36°C for 30 min. The viable bacterial cells reduced the yellow TTC to pink/ red 1,3,5-triphenylformazan (TPF). All assays were performed in triplicate. Streaks were taken from the two lowest concentrations of each oil concentration exhibiting invisible growth and were sub-cultured onto Blood agar media. The plates were incubated at 37°C for 24-48 h, then inspected for bacterial growth in corresponding to both the oils. MBC was taken as the concentration of the oil that did not exhibit any bacterial growth.
Time-kill kinetics
This experiment was performed as described previously (May et al., 2000) . Prior to the experiment, bacteria were incubated on IsoSensitest broth (ISB; Oxoid, Basingstoke, UK) for 90 mins at 37°C to ensure that all the bacteria were in the action in the logarithmic growth phase. The initial bacterial concentration was measured as cfu/ml. Each isolate was inoculated into three flasks, one as growth control, one for each type of oil. All flasks were incubated at 37°C while shaking at 150 rpm. Aliquots were taken at 0, 0.5, 1, 1.5, 2, 3, 4 and 6 and viable colony counts on blood agar were calculated as cfu/ml.
Gas chromatography/mass spectrometry (GC/MS) analysis
GC/MS analysis of the major essential constituents of the oils of tea tree and rosemary was carried out using the GC Agilent Technologies (Santa Clara, CA) using 6890 N apparatus equipped with the split-splitless injector attached to HP-5 fused silica column (30 m Â 0.25 mm, film thickness 0.25 mm) and interfaced to flame-ionization detector (FID). 1 ml of ethanol diluted oil was injected under the following operational conditions: carrier gas was He (1 ml/min); the temperatures were set as follows: injector at 250°C and detector at 280°C, while the column temperature was linearly programmed from 40°C to 260°C at 4°C/min. Constituents were identified by comparison of their spectral outcomes with those available on MS libraries (NIST/Wiley), and by comparison of their retention profile (calibrated AMDIS), with the data from the literature (Adams, 2005) .
Ethical approval
Prior to the study, a formal consensus was obtained from all patients at Benha University Hospital.
Results and discussion
Isolation, biochemical characterization and 16S rRNA typing of acne vulgaris
The collected samples were grown both aerobically and anaerobically, only 35 out of the 55 patients showed bacterial growth on the selective media. Biochemical properties (Table S1 , Supplementary data) identified two different groups of the aerobic isolates were found to be gram-positive cocci, non-motile and were arranged in grape-like clusters. Anaerobic isolates were grampositive polymorphic bacilli and were able to ferment glucose with acid production, the biochemical profile of the anaerobic bacteria was consistent with those of formerly known as Propionibacteria.
BLASTn alignments and phylogenetic tree analysis (Fig. 1) of the assembled 16s rRNA gene sequences showed highest similarities with the previously partially sequenced 16S rRNA of Staphylococcus aureus, S. epidermidis and Cutibacterium acnes on the NCBI website. Bacteria were designated as Staphylococcus aureus strain EG-AE1, Staphylococcus epidermidis strain EG-AE2 and Cutibacterium acnes Strain EG-AE1 and they were detected at frequencies of 21%, 37% and 42% of the subjects in acne patients respectively. Previous investigations on acne vulgaris showed that S. epidermidis and C. acne are the most significant major groups in patients with acne (Burkhart et al., 2015 (Burkhart et al., , 1999 Dhillon and Varshney, 2013) , though there are many evidences suggesting potential pathogenic roles of S. aureus in acne vulgaris inflammation via stimulation of the Toll-like receptor (TLR) 2 and local immunosuppression (Khorvash et al., 2012; Totté et al., 2016) .
Antibiotic susceptibility testing
Qualitative results from the antibiograms (Table 1) showed that both S. aureus EG-AE1 and S. epidermidis EG-AE2 were resistant to at least eight antibiotics (Azithromycin, Erythromycin, Penicillin-G, Tetracycline, Clindamycin, Amikacin, Trimethoprimsulfamethoxazole and Rifampin). C. acnes EG-AE1 were found to be resistant to (Azithromycin, Erythromycin, Tetracycline, Clindamycin, Amikacin and Trimethoprim-sulfamethoxazole). Yet, the three isolates were susceptible to Chloramphenicol and Vancomycin.
Antibiotic resistant bacteria have reached a worrying stage all over the world, mainly in the developing countries (Amann et al., 2019; Blomberg et al., 2004; Kunin, 1993; Omulo et al., 2015; Slack, 1989; Williams et al., 2018) . Egypt is one of the countries that have less severe restrictions on antibiotic prescription (Awad et al., 2016; Hassan et al., 2011; Ibrahim, 2012; Khalil, 2012; Sabry et al., 2014; Sobhy et al., 2012) , the emergence of multidrug-resistant bacteria is unceasing very quickly. A major reason is that antibiotics can be purchased directly from drug retailers and pharmacies without a prescription (Sosa et al., 2010; Istúriz and Carbon, 2000; Llor and Cots, 2009; Volpato et al., 2005) . In 2017 the Center for Disease and Control Prevention announced that at least 2 million people in the U.S. are infected with antibiotic-resistant bacteria each year and at least 23,000 of them die.
Antibiotic-resistant Staphylococci are a worldwide problem affecting humans, animals and numerous natural environments (Fitzgerald, 2012; Grundmann et al., 2006; Vindel et al., 2014) . Similarly, the overall occurrence of C. acnes antibiotic resistance has increased dramatically last years, a previous study showed that it rises from 20% in 1987 to 62% in 1996 (Leyden and Levy, 2001) , later it was detected the resistance of C. acnes to multiple drugs such as Erythromycin, Clindamycin, Tetracycline (Ross et al., 1998) , Azithromycin, Minocycline, Doxycycline and Trimethoprimsulfamethoxazole (Moon et al., 2012; Schafer et al., 2013) .
Antibacterial activity of some plant oils against the acne bacteria
The antimicrobial activity of a selection of eleven medicinal plant oils against the isolated bacteria was investigated and the results are summarized in Table 2 . Out of the tested oils, only oils of tea tree and rosemary were effective against the acne bacteria.
Tea tree oil was found to be more effective than rosemary oil against S. aureus, S. epidermidis and C. acnes with inhibition zones of 15.5 ± 0.50 mm, 21.02 ± 0.73 mm and 20.85 ± 0.76 mm respectively.
The dreading continuous emergence of multidrug resistance strains led the investigators to develop new alternative treatment options. Of those medicinal plants are promising, medicinal plants are being used since ever in the prevention and treatment of infectious diseases (Bhuchar et al., 2012) and likely, they are safe, cheaper and have low side effects (Rafieian-kopaei, 2012; Singh et al., 2013) . It is very common to use medicinal plants in the treat-ment of acne and skin infectious diseases (Bhuchar et al., 2012) . Tea tree (Melaleuca alternifolia) oil (TTO) is known since long for many remedial uses and has been claimed as a potential candidate to replace antibiotics particularly in topical applications (Carson et al., 2006) . Early studies on the antimicrobial activity of TTO claimed that TTO to be more active against antibiotic-resistant bacteria (Carson et al., 2005) . Furthermore, it is added as an active constituent in many topical formulations used for the treatment of cutaneous infections for controlling dandruff, acne, lice, herpes and other skin infections (Pazyar et al., 2013) . Previous studies showed that the methanolic extract of Rosmarinus officinalis (rose- Fig. 1 . Phylogenetic tree shows the evolutionary relationships between the 16s rRNA sequences of the isolated acne bacteria with their bacterial concatenated nucleotide sequences of their 16s rRNA. The Maximum Likelihood tree was constructed using the MEGA X software with the Maximum Likelihood algorithm and default setting. The bar length represents 0.05 substitutions per nucleotide site. The new acne isolates in the current study are indicated by black arrows. Branch support was estimated from 1000 bootstrap replicates. Three E. coli 16s rRNA sequences serve as outgroups to root the tree. mary) has a good inhibition against S. aureus (Issabeagloo et al., 2012) and C. acnes (Vora et al., 2018) .
Minimum inhibitory (MICs) and Minimum bactericidal concentrations (MBC)
The MIC and MBC of the most effective oils (tea tree and rosemary oils) were examined to evaluate their bacteriostatic and bactericidal properties and were recorded in Table 3 . The MICs/MBCs of tea tree oil against S. aureus and S. epidermidis were found to be 78 mg/L, though the growth of these two isolates were inhibited by 156 mg/L of rosemary oil. Both tea tree and rosemary oils inhibited C. acnes at 39 mg/L. Our results showed that, both tea tree and rosemary oils showed potentially bactericidal activity against the tested pathogenic bacteria, however, tea tree oil showed more potency. Previous studies on antimicrobial activity of tea tree oil reported MICs of 125 mg/L (Carson et al., 2006; Cox et al., 2000) to 2000 mg/L (Banes-Marshall et al., 2001; Carson et al., 2006; Cox et al., 2000) .
Time-kill kinetics of tea tree and rosemary oils
Measurements of killing time by the tea tree and rosemary oils were made for each oil individually and are shown in Fig. 2 . Tea tree oil showed greater activity than rosemary oil against all the isolates. S. aureus, S. epidermidis and C. acnes were killed by tea tree oil within 4 h. However, rosemary oil killed all the isolated by 6 h. A previous study on the time of killing of the standard tea tree oil and other chemically different tea tree oils against Staphylococcus aureus exhibited variable killing times (May et al., 2000) . Apparently, the chemistry of the oils has a great impact on the efficacy and timing of action. Table 4 . Nine compounds were detected in both oils (a-Pinene, 2-tert-Butyl-4-isopropyl-5-methylphenol, Camphene, Sabinene, Myrcene, 13-Methyltetradecanoic acid, p-Cymene, a-Terpinene and c-Terpinene). Most of those compounds were detected previously in the extracts of tea tree (Brophy et al., 1989) and rosemary oils (Jiang et al., 2011) . Interestingly, a web search of the therapeutic functions for the identified compounds displayed antimicrobial, anti-inflammatory and analgesic properties. Besides, some other detected compounds are being used in fragrances, beauty care, soap and laundry detergents. All of this supports the potential use of both tea tree and rosemary oil to be used as antimicrobial agents against acneinducing bacteria. Interestingly, the efficacy, tolerability and acceptability of a tea tree oil gel and face wash on acne patients showed a significant improvement in mild to moderate acne and that the products were well tolerated (Malhi et al., 2017) . Moreover, a mixed cream formula of 20% propolis, 3% ''tea tree oil", and 10% ''Aloe vera" was found to be better than a 3% erythromycin cream in reducing erythema scars, acne severity index, and total lesion count (Mazzarello et al., 2018) . However, limited data are available on the cytotoxicity of both oils and more in vivo work is to be done to confirm this.
Conclusion
This manuscript describes the isolation of three groups of acneinducing bacteria; Staphylococcus aureus EG-AE1, Staphylococcus epidermidis EG-AE2 and Cutibacterium acnes EG-AE1 from Egypt. The antibacterial effects of some medicinal plant oils were tested against the isolated bacteria, oils of tea tree and rosemary were found to be rich sources for essential oils with many therapeutic uses. Both are considered good candidates to replace antibiotics in acne therapy. For future in vivo studies, concentrations up to 78 mg/L and 156 mg/L of the tea tree oil and rosemary respectively to be applied as a topical prescription. Currently, we are investigat-ing the efficacy of certain types of nanoparticles and phage therapy as new approaches to treat acne bacteria. 
